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WAFER BONDING 
FOR THREE-DIMENSIONAL (3D) INTEGRATION 

Technical Field 

The present invention relates to wafer bonding and, more specifically, relates to wafer 
bonding using a flexible bladder press and thinned wafers for three-dimensional (3D) wafer-to- 
wafer vertical stack integration and application. 

Background 

integrated circuits (ICs) form the basis for many electronic systems. Essentially, an 
integrated circuit (IC) includes a vast number of transistors and other circuit elements that are 
formed on a single semiconductor wafer or chip and are interconnected to implement a desired 
function. The complex,* of these integrated circuits (ICs) requires the use of an ever increasing 
number of linked transistors and other circuit elements. 

Many modem electronic systems are created through the use of a variety of different 
integrated circuits; each integrated circuit (IC) performing one or more specific functions. For 
example, computer systems include a. leas, one microprocessor and a number of memory ch.ps. 
Conventionally, each of these integrated circuits (ICs) is formed on a separate chip, packaged 
independently and interconnected on, for example, a printed circuit board (PCB). 

As integrated circuit (IC) technology progresses, there is a growing desire for a "system 
on a chip" in which the functionality of all of me IC devices of the system are packaged together 
without a conventiona. PCB. Ideally, a computing system should be fabricated with all the 
necessary IC devices on a single chip. In practice, however, it is very difficult to implement a 
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, roly high-performance "system on a chip" because of vasdy different faction processes and 
different manufacturing yields for the logic and memory circuits. 

As a compromise, vanous "system modules" have been inlrodueed that electneally 
connect and parage integrated circuit (>C) devices which are fabncaled on the same or on 
different sem,conduc,or wafers. Im.ia.ly, system modules have been ereated by stmply stackmg 
twochips.e.g.a.ogie and memory ch , P , one on top of the other in an a^angemen. eommon.y 
referred to as chip-on-chip structure. Chtp-on-chip structures most common,y use micro bump 
oondingtechnology to electrical.y connect, he worMng surfacesoftwoeh.ps. Several problems, 
h owever,remaininhere», with this design structure. For e.ample, this approach is limited in the 
number of chips that can be interconnected as part of the system module. 

,„ lhe past several years, multi-chip modu,e (MCM) techno.ogy has been uulized to stack 
auumber of chips on a common — to reduce the overall size and wetgbtofthe package, 
wh ,ch dtrectly translates into reduced system size. Existing MCM technology is known to 
provide sigmfican. performance enhancements over single chip or chtp-on-chip (COO 
packaging approaches. For example, when severa, semiconductor chips are mounted and 

dielectric cons-materialsandhigherwrringdensity can a,sobe obtained which ieadto the 
increase d system speed and reliability, and the reduced weigh,, vo,ume, power conanmption and 
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gives rise to stray inductances .hat interfere with the operation of the system module. 

Until most recently, the most promising interconnect technology that is still within the 
confines of research bu, is close to the ideal high-performance "system on a chip" is the three- 
dimensional (3D, wafer,o-wafer vertical stack integration. Whereas MCM technology seeks to 
5 stack multiple chips on a common substrate, 3-D wafer ,0-wafer vertical stack technology seeks 
,„ aehteve the long-awaited goal of stacking many layers of active K devices such as processors, 
programmable devices and memory devices inside a single chip to shorren average wire lengths, 
thereby reducing interconnect RC delay and increasing system performance. In direct 3-D 
integration, active device wafers are bonded together, while aU active layers are electrically 

10 interconnected using vertical vias. 

One of the major challenges of 3-D wafer-«o-wafer vertical stack integration technology 
is the metal bonding between wafers and between die in a single chip. In genera, wafers are 
bonded one a, a time in a bond chamber with pressure and hea, applied through a standard rigtd 
press. However, typical wafers to be bonded may have thickness variations in a metal bonding 
15 ,ayer which when pressed together under constant pressure will prevent good contact and 

instead, make contact a, only a few high points along the wafers. Therefore, i, is desirable to 
allow for thickness variations in the meta, bonding wafers and .0 ensure that wafers are bonded 
more uniformly and effectively. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of exemplary embodiments of the present invention, and 
m any of the attendant advantages of the present invention, will become readily apparent as the 
same becomes better understood by reference to the following detailed description when 
5 considered in conjunction with the accompanying drawings in which like reference symbols 
indicate the same or similar components, wherein: 

FIGs. 1 A-1B illustrate an example three-dimensional (3-D) wafer-to-wafer vertical stack 

forming a single chip; 

FIG. 2 illustrates an example wafer bonding process between active device wafers using 
10 metal patterns in an example 3-D wafer-to-wafer vertical stack; 

FIG. 3 illustrates an example wafer bonding adjustment process between active device 
wafers according to an embodiment of the present invention; 

FIG. 4 illustrates an example wafer bonding process using a flexible bladder press 
according to an embodiment of the present invention; 
15 FIG. 5 illustrates an example flexible bladder press according to an embodiment of the 

present invention; and 

FIGs. 6A-6B illustrate an example flexible bladder press according to another 

embodiment of the present invention. 
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DETAILED DESCRIPTION 

The present invention is applicable fot use with all types of semiconduetor wafers and 
interred circui, (,C) devices, including, for example, MOS transistors, CMOS devices, 
MOSFETs, and new memory devices and communication devices such as smart card, cellular 
phone, electronic tags, gaming devices which may become available as semiconductor 
technology develops in the future. However, for the sake of simplicity, discussions wi.l 
concentrate mainly on exemplary use of wafer bonding in a three-dimensional (3-D) wafeMo- 
wafer vertical stack, although the scope of the present invention is no, limited thereto. 

Attention now is directed to the drawings and particularly .0 FIGs. 1MB. an example 
.hree-dimenstona, (3-D, wafer-to-wafer vertical stack according to an embodiment of the present 
invention is illustrated. As shown in FIG. I A, the 3-D chip .00 may comprise any number of 
active device polysilicon (Si) wafers, such as wafer #1.10 including, for example, one or more 
microprocessors; wafer #2 120 including one or more memory devices; and wafer #3 130 
including one or more radio-frequency (RE) or optica, communtcation devices. The bottom 
wafer 1 ,0 is sufficiently thick to support the stacking of the top wafers .20 and ,30, and the top 
wafers .20 and ,30 are. binned to minimize the interconnection between wafers ,10, ,20 and 
130. 

,„ a typica, 3-D vertiea, stack ,00 shown in FIGs. 1 A-1B. the active device wafers 1 ,0, 
120 and ,30 may be bonded together using interleve, dielectric (ILD, layers .02 and ,04, while 
a„ active layers on wafers , .0, .20 and .30 may be electricaUy interconnected using vertical 
vias .06. The dielectric (ILD) layers .02 and .04 may be dielectric g.ues or polymer adhesives 
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such as polyimide and epoxy, to bond wafers HO, 120 and .30 a, ,ow cunng temperature 
r a„ gl „ g fro m 150,0 400'C for example. However, other high-temperabare deformab.e die,«,nc 
glue such as SILK, and bonding adhesive such as borophosp„osi.ica,e glass (BPSG, may a,so be 
US ed .o facilha.e .he wafer bonding proeess, whi.e mainlining e.ecmea. isolahon between 
a Cli vedevicesofsi,icon(Si,wafers ..0, .20 and .30. hrterwafer vias .06nray.henhee.ched 
thr ough .he 1LD at designated ,oea«i„ns, .he .binned ,op Si wafers .20 and , 30, and .he cured 
di e,ec.ric .avers ,02 and .04 for providing vertica. clectrica. m.erconnec.s between active IC 
devices of .he bottom wafer 1 10 and thinned top wafers .20 and 130. 

Typically, .he in.erwafer vias 106 are prepared on the .op wafer 120 as shown in FIG. 
,B for example, by e.ching .trough .he dielec.ric (1LD) layer 102. The .op wafer ,20 may then 
„e adhesively bonded .o .he hand.ing bottom wafer „0 and .binned wHh high uniform* unhl 

,eav,ng .he desired wafer stack .ha, can be mrther processed like a s«andard srlicon (Si) wafer. 
The interwafer vias ,06 are opened ,o a standard me.a,,i Z a.ion (.ypicaHy using Aluminum -AT 

or Copper "Cu") and passivation. 

However, .here are s.i,l limitations regarding me use of die,ec.nc (,LD) layers .02 and 
,04 and inrerwafer vias ,06 in direc. 3-D in.egra.ion. For examp.e, me interwafer v,as .06 
between adjacen, wafers , ,0 and ,20 are .ypicahy deep which lead .0 some in.erconnec. RC 
delay in ac.ive ,C devices. ,n addi.ion, .he dielecnc (,LD, layers ,02 and 104 can a,so be cos.- 

prohibitive for mass production. 

to order .o reduce, if no. eliminate, the use of dielectric (ILD) ,ayers ,02 and .04 
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between adjacent wafers .10, .20 and 1 30, and minimize the interconnect RC delay in active IC 
dev,ces through the interwafer vias 106, proposals have been made to nse a metal bonding layer 
in designated patterns (metallic bumps) arranged on the surface of adjacent wafers . 10, 120 and 
,30 to serve no. only as electrical connections to active IC devices on adjacent wafers 1 10, 120 
and 130 on a 3-D wafer-.o-wafer vertical stack .00 but also to bond the adjacent wafers 1 10, .20 
and .30. Additional metallic bumps can also be made to increase the surface area for wafer 
bonding and serve as auxiliary structures such aa ground planes or heat conduits for the active .C 
devices. 

FIG. 2 illustrates an example wafer bonding process between active device wafers using 
metal patterns in an example 3-D wafer-,o-wafer vertical stack. As shown in FIG. 2, silicon (Si) 
wafers 1 .0 and 120, for example, are bonded one a. a time in a bond chamber with pressure and 
beat applied through a standard rigtd press 210. A metal bonding layer 108 may be deposited on 
opposing surfaces of the bottom wafer 1 10 and the top wafer 120 a, designated locations to 
establish electrical connections between active IC devices on adjacent wafers 1 10 and .20 and to 
bond the adjacent wafers . 10 and 120, while maintaining eleetrieal isolation between bonding 
areas. The metal bonding .ayer 108 may include a plurality of Copper (Cu) lines (bumps) 
deposited on opposing surfaces of both wafers 1 .0 and 120 that can serve as electrical contacts 
between active devices on both wafeta .10 and .20. Copper (Cu) may be se.ected because of its 
to, electriea. resistivity and high elec.romigra.ion resistance. However, aluminum (Al) and 
other metallic materials can also be used. Examples of additional metallic materials include 
nickel, silver, palladium, palladium-nickel alloy, gold, titanium, or titanium nitride or any 
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combination thereof. 

When deposited on opposing snrfaces of active device wafers 1 .0 and .20. tine metal 
bonding layer ,08 may have thtckness variations across the surfaces of the wafers ,.0 and ,20. 
Therefore, if ,he active device wafers , ,0 and ,20 are pressed ,oge,her nnder constan, pressure 

wafers ,10 and ,20 wi„ make contact while other low points remain unconnected. As a result, i, 
is desirable for the metal bondtng process ,o allow for thickness vanations in the metal bonding 
lay er .08 and to ensure tha, all active device wafers , 10 and 210 are bonded more uniformly and 
effectively for greater wafer .hroughput. while maintaining electrical isolation between bonding 
areas. 

Turning now to FIG. 3. an example wafer bonding adjustment process between active 
device wafers according to an embodiment of the present invention is i.lustia.ed. An especially 
designed bladder press 3 .0 can be advanrageously utilized to conform to the local heigh, 
variations of the silicon (Si) wafers and produce greater contact surface area relative to a 
standard rigid press. A rop wafer ,20 can also be sufficient thinned so as ,o be much more 
ptiable than tirose of standard thickness and to allow for greater thickness variations across me 
wafers 1 10 and 120 for the same applied bonding pressure. 

As shown in FIG. 3, the arrow length indicates the amount of pressure needed a, a 
particular portion of the thinned top wafer ,20 to push Us surface against the surface of the 
bottom wafer 1 ,0 to accommodate wafer .hickness variations. The pressure required to account 
for the heigh, differences of the metal hooding layer .08 across the opposing surfaces of the 
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10 



15 



and ,20 The bladder press 3,0 mus, a,so be sufficiently flex.b.e .0 absorb .be pressure asserted 

, 10 accordmg,y<o account for fire beigb.differencesof.be meta, bonding ,ayer .08 acrossthe 
opposing surfaces of the lop and bottom wafers 1 10 and 120. 

For example, if.be top wafer .20 is I mm by I mm square (. mm') and has a thickness 
of approx,ma.ely 50 pm. a flexih.e bladder press 3.0 conformab.e over as smal, an area as . 
mra > wil. require only 0.8 PS. to aeeoun. foe a total heigh, variation of the meta, bonding .ayer 
,08 across the opposing surfaees of the wafers . 10 and 120 of about 600A. 

The pressure required to aeeoun, for the heigh, differences of ,he me,a. bonding layer 
,08 across the opposing surfaces of the wafers . .0 and .20 may be determined based on me 



following equations: 



<?i 4 „ ,JJL 

5 = - — , and ' = , 
%El 3 



Where 'f indicates the ,o,a. deflection on a Si wafer assuming ma, portions of a Si 
wa fer serve as a s.mp.e can.iievered beam; »L" indicates the ,eng,h of.be Si wafer (beam); "q» 
Mca ,es ,be ,oad intensity; "E» is me Young m„du,us of e,as,iciry of ,he Si wafer; and T 
indicates ,he momen. of inertia of ,he reCangular cross-section. 

As shown above, the momen, of inertia T can be determined based on V the thickness 
of the Si wafer (beam), and V ,he cross-section dtmension of me Si wafer (beam). 
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.fan average heigh, variation of a metal bonding layer .08 across an 8» Si wafer .20 is 
600A after the Si wafer .20 is p.anari.ed by Chemiea. Mecbanica. Po.ish (CMP), the total 
lection of the Si wafer ,20 may be set a, ,000A to ensure tha, the Si wafer .20 will better 
conform to the heigh, variations of .be me«a, bonding layer 108 without compromising .he 
srrucura, integrity of .he Si wafer 120. Therefore, .be pressure needed .0 deflec. .be .binned Si 
wafer .20 .0 accommoda.e .oca, .hickness vana.ions wil, depend upon the thickness of .he S, 
wafer ,20 as described with reference .0 the above equations. 

For examp,e, if Si wafer 120 has an area of 1 mm' and a dtickness of 500 urn, the 
assure needed .o deflect .000A of.be Si wafer .20 wi„ be 800 PSI. Likew.se, if the tinckness 
of ft. Si wafer ,20 is 50 pm, .he pressure needed for the same lOOOA deflec.ion wfll be only 8 
PS,. Additional pressure may compromise .he s.rucrural integrity of .he Si wafer .20. If the 
pressure needed to deflect the Si wafer ,20 is de.ermined in me manner desenbed above, ,hc 
Madder press 3 ,0 can be very effective a. increasing .he me,, bonding betiveen the two wafers 
, ,o and ,20 and proving pianar contac, across .he Si wafer ,20 with heigh, variations in the 
b „„ai n g areas as shown in FIG. 4. An exampie deflection TABLE may be shown as foHows: 
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L 

1 mm 
1 mm 
1 mm 



P 

800 PSI 
8PSI 
0.8 PSI 



h 

500 nm 
50 nm 
5 urn 



8 

loop A 
iooo A 



iooo A 



The deflection TABLE shows that thinning the wafer to 5 um will effectively 
accommodate local thickness variations on a length scale of 1 00 un, In order to achieve 
pianarization at length scales less than 100 um, it will be necessary to pay attention to metal 

density variations during CMP. 

The flexible bladder press 3 1 0 may be available in many forms and configurations as 
,ong as i. ean absorb ,he pressure differently a. different points and press the thinned top wafer 
,20 ,„ aceoun. for the heigh, differences of the metal bonding layer 108 across the opposing 
surfaces of the wafers 1 10 and .20. Examples of.be many configurations of the flexib.e bladder 
press 310 are shown in FIG. 5 and FIGs. 6A-6B herein below. 

For instance, FIG. 5 illustrates the flexible bladder press 3 .0 as a hollow container for 
containing high-pressure gas. As shown in FIG. 5. the hollow container 3.0 can be a stainless 
s«ee, container including an input valve 312 arranged to input air pressure, and a bottom thin 
me mbrane 314 positioned over the top surface of the thinned Si wafer ,20 to apply pressure to 
,he thinned Si wafer 120 to account for the heigh, differences of the metal bonding layer 108 
across Ute opposmg surfaces of .he wafers 1 ,0 and 120. Since the Si wafers 1,0 and 120 are 
«,y flat, the bonding force applied from the bottom membrane 314 of the hollow container 



ext 
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310 to .he wafers 1 10 and 120 will be very uniform. 

F1G s 6A-6B illustrate another example of a flexible bladder press according .0 an 
e rab odimen, of .be presen, invention. More specflcafly, FIG. 6A shows a side view of an 
aut oc,ave600tn,ended.o serve as a flcxtble bladder press; and F,G. 6B shows a top view of the 

process to produce improved bond uniformity and increased wafer througbpu,. 

As shown in FIG. 6A, an au.oc.ave is a high-pressure vesse. 600 including an input valve 
610 arranged to input high-pressure gas, often much greater than 100 PSI, into a chamber 620; a 
h ea,er 630 arranged to be, the gas a, a predetermined temperature; and one or more b.gb- 
temperature vacuum bags 640A-640N containing .herein respective Si wafers. 

temperature vacuum hags 640A-640N before the bags 640A-640N are evacuated. The atr 
pressure inside the vacuum bags 640A-640H may Camp .he wafers 1 ,0 and .20 together to 
preserve the altgnmen, and pre-bond the wafers , .0 and ,20 with a meta. bonding layer ,08. 

A fter .he angned wafers are placed in the high-temperature vacuum bags 640A-640N and 
th evaeuumbags640A-640 N areevaeu a ,ed,eaehbag and wafer assembly ,s placed ,n.heh,gh. 

pressure ohamber 620. The autoCave 600 is then pressurized to, for example, .00 PS.. The 
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20 



allowed to cool and subsequently removed. 

• f h^tiim across the wafers during metal bonding. As a 
heated gas will also deliver very umform heat.ng across 

« u ■ Fir, 6 can have approximately an order of magnitude 
result, the autoclave 600 shown in FIG. 6 can have PP 

•fxrmim and far greater wafer throughput 
, mpr „ve m e„, in pressure uniformity, temperature umfomuty and g 

for the bonding process. 

.• ^effectively produce greater contact surface area across 
embodiments of the present mvenuon can effecuvely pro 

a wafer with height variations in the bonding areas. 

WhUetherehavebeenrnustratedanddescnbedwhatareconsideredtobeexemptar, 
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invention. For example, the flexible bladder press can also be replaced by a pressure balloon 
which may assert pressure differently at different points to press the thinned top wafer against 
the bottom wafer to account for the height differences of the metal bonding layer across the 
opposing surfaces of the top and bottom wafers. In addition, air pressure may also be replaced 
by liquid pressure. Many modifications may be made to adapt the teachings of the present 
invention to a particular situation without departing from the scope thereof. Therefore, it is 
intended that the present invention not be limited to the various exemplary embodiments 
disclosed, but that the present invention includes all embodiments falling within the scope of the 

appended claims. 

What is claimed is: 
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